Objective-We sought to determine the rate of progression of carotid atherosclerosis in persons with normal glucose tolerance, impaired glucose tolerance, and undiagnosed and diagnosed type 2 diabetes. Methods and Results-The Insulin Resistance Atherosclerosis Study (IRAS) is an observational cohort study in which 1192 men and women were examined at a 5-year interval. Participants of 3 ethnic groups (non-Hispanic white, African American, and Hispanic) were selected from the general population to represent a range of glucose tolerance. Baseline and follow-up ultrasound studies were obtained to estimate progression of common carotid artery (CCA) and internal carotid artery (ICA) intimal-medial thickness (IMT). Baseline glucose tolerance status was defined by an oral glucose tolerance test and World Health Organization criteria. In persons with normal glucose tolerance, progression of CCA IMT was 3.8 m/y, and ICA IMT, 17.7 m/y. In both CCA and ICA, progression of IMT, unadjusted for cardiovascular disease (CVD) risk factors, was approximately twice the rate in persons with diabetes than in those with normal or impaired glucose tolerance. Adjustment for CVD risk factors attenuated these differences somewhat in both sites of the carotid artery. Persons with undiagnosed diabetes had a greater ICA IMT progression rate than did persons with diagnosed diabetes (33.9 m/y vs 26.6 m/y, PϭNS). Progression rates did not differ between persons with normal and impaired glucose tolerance.
See page 917
We have reported previously, from a cross-sectional analysis in the Insulin Resistance Atherosclerosis Study (IRAS), that common carotid artery (CCA) IMT was approximately 70 m greater and internal carotid artery (ICA) IMT was 130 m greater in persons with established diabetes relative to those with normal glucose tolerance (NGT), after adjustment for CVD risk factors. 7 Average IMT (CCA and ICA) of persons with undiagnosed diabetes did not differ from the IMT of persons with NGT.
To date, only 1 longitudinal analysis has been published that compared the rates of progression of carotid wall IMT in persons with diabetes relative to those without. 8 These investigators have reported a more rapid rate of progression among persons with diabetes. The rate of progression of IMT in undiagnosed diabetes versus diagnosed diabetes (as defined by oral tolerance test [OGTT] ) is also of interest but has not been reported. Five years of IRAS follow-up data were examined to assess the progression of carotid IMT across these diagnostic categories.
ongoing population-based studies (the San Antonio Heart Study and the San Luis Valley Diabetes Study). The sample was recruited to meet a goal of nearly equal numbers of persons with NGT, impaired glucose tolerance (IGT), and known type 2 diabetes. Persons taking insulin were excluded. A total of 1624 individuals participated in the baseline IRAS examination (56% women), which occurred between October 1992 and April 1994. After a planned 5-year time period, during which annual contact was made with the participants, follow-up examinations were conducted with the protocol that was used at baseline. The IRAS protocol was approved by local institutional review boards, and all participants provided written, informed consent.
The IRAS protocol required 2 visits, 1 week apart, of Ϸ4 hours each. Participants were asked to fast for 12 hours before each visit, to abstain from heavy exercise and alcohol for 24 hours, and to refrain from smoking on the morning of the examination. During the first visit, a 75-g OGTT was administered, with fasting and 2-hour postload blood samples being collected. Glucose tolerance status was determined at baseline by World Health Organization criteria. 10 Specifically, NGT was defined as fasting glucose (FG) and 2-hour glucose Ͻ140 mg/dL. IGT was defined as FG Ͻ140 mg/dL and 2-hour glucose Ն140 and Ͻ200 mg/dL. Diabetes was defined as FG Ն140 mg/dL or 2-hour glucose Ն200 mg/dL. Participants whose OGTT results met these criteria for diabetes but who did not report having been told by a doctor that they had diabetes were considered to have undiagnosed diabetes. Those whose OGTT results met these criteria for diabetes and who reported having been told that they had diabetes were classified as diagnosed diabetes. Participants taking oral hypoglycemic medications were considered to have diagnosed diabetes, regardless of their OGTT results or their report of a previous diagnosis. All participants also provided information regarding their past and current use of antihypertensive and lipidlowering medications.
Height and weight were measured to the nearest 0.5 cm and 0.1 kg, respectively. Body mass index was calculated as weight/height 2 (kg/m 2 ) and was used as an estimate of overall adiposity. Waist circumference, a validated estimate of visceral adiposity, 11 was measured to the nearest 0.5 cm. Duplicate circumference measurements were made by following a standardized protocol, with averages used in the analysis. Ethnicity and smoking status were assessed by self-report. Hypertension was defined as systolic blood pressure Ͼ140 mm Hg, diastolic blood pressure Ͼ90 mm Hg, and/or selfreport of antihypertensive medication use. Plasma glucose was measured with the glucose oxidase technique on an autoanalyzer. Serum insulin was measured with a dextran-charcoal radioimmunoassay, 12 which has a 19% external coefficient of variation. Serum intact pro-insulin was measured by using a highly specific, 2-site monoclonal antibody-based immunoradiometric assay. LDL cholesterol was measured directly with the ␤-quantification procedure. LDL size distribution (ie, distribution of diameters of the major LDL peaks) was determined with the method of Krauss and Burke 13 on gradient gels obtained from Isolab. Insulin sensitivity was determined by using an insulin-boosted, frequently sampled intravenous GTT. 14, 15 A reduced sampling protocol was used. Insulin sensitivity, expressed as a insulin sensitivity index (S I ), was calculated by mathematical modeling methods (MINMOD, version 3.0). 16 High-resolution B-mode carotid ultrasonography was performed at baseline and follow-up IRAS examinations with an identical scanning protocol and identical equipment. A bilateral assessment of wall thickness was made of the ICA and the CCA. For the ICA, the sonographer sought the site of maximal thickness in the region between the dilatation of the carotid bulb and the ICA, 1 cm distal to the tip of the flow divider. Three images were obtained bilaterally at the site of maximal thickness at different interrogation angles (proximal, lateral, and anterior) and at the near and far walls. At follow-up, the sonographer sought the site of maximal IMT, independent of its location at baseline. For the CCA, bilateral images were obtained 1 cm proximal to the dilatation of the carotid bulb at a single (lateral) angle. This protocol resulted in up to 8 measurements in each of the right and left arteries for a possible total of 16 measurements on each participant at each examination.
Ultrasound images were recorded on super-VHS tape and sent to a central reading facility. To control for both temporal drift and reader variability, the baseline and follow-up studies were read by a single reader after completion of the follow-up study. The 2 readings were conducted with a 1-week interval, and the reader was blinded to the results of the initial reading. No differences were observed in the rate of visualization of the near wall or of the far wall by glucose tolerance status at either time point.
A subset of 43 participants were rescanned at baseline to assess intrasonographer variability; the Pearson correlation coefficient (R) between scans was 0.86 and 0.75 for the CCA and ICA IMTs, respectively. Likewise, a subset of 64 scans was reread to assess intrareader variability; the R between scans was 0.95 and 0.94 for the CCA and ICA IMTs, respectively.
The primary outcome is composed of 32 planned IMT measurements (16 walls each at baseline and follow-up). We used Laird-Ware models 17, 18 as a multivariate approach to these data, in which individual wall segments were viewed as nested within subjects. Measurement x ghijkm from subject g, examination (baseline/follow-up) h, and site defined by iϭsegment (common/internal), jϭangle (proximal/lateral/anterior), kϭartery (left/right), and mϭwall (near/ far) were assumed to follow a normal distribution. An examinationϫarteryϫglucose tolerance status interaction was statistically significant (PϽ0.01); thus, we conducted analyses separately for the CCA and ICA IMTs. All models included terms that allowed for different progression rates among sites (examinationϫ wallϫartery interactions). Of particular importance were the interactions between examination and glucose tolerance status, which assessed whether overall progression rates (pooled among sites) varied by disease status. Model 1 was fitted with adjustment for varying progression rates among demographic factors (age, sex, clinic, and ethnicity). Model 2 included adjustment for demographic factors and risk factors (LDL, triglycerides, LDL size, hypertension, smoking, waist girth, and pro-insulin). (Model 2 was also fitted by substituting fasting insulin for pro-insulin.) Model 3 included all of the factors in Model 2 and was adjusted further for antihypertensive, lipid-lowering, and hypoglycemic medication use at the follow-up examination. Other covariates were considered in the models but determined not to improve the fit and hence, were not included in our final models. Fitted mean progression rates (pooled among sites) and SEs were computed from these models by using linear contrasts. Rates were annualized for comparison with other studies.
The statistical approach that we have used, ie, including measurements of individual carotid walls in multivariable models, has several advantages over methods based on averaging the measured IMT at each examination and analyzing the difference between these averages at baseline and follow-up. We do not assume that progression rates and variances are uniform among walls and that data are missing (eg, walls are not visualized) completely at random. This results in a more realistic and statistically efficient analysis. 19 We have not included baseline IMT as a covariate in models of progression because, as others have reported, 20 we found little evidence that progression varies with baseline IMT after accounting for measurement error.
Results
The present report includes information on 1192 participants (75% of the surviving cohort) who had both baseline and follow-up carotid ultrasound studies. Of the 432 original cohort members not represented in this analysis, 67 (16%) did not have a baseline ultrasound study because of equipment problems, and 287 (66%) did not have a follow-up ultrasound study, primarily because they did not attend the follow-up visit. The remaining 78 subjects did not have ultrasound results for other technical reasons. Forty deaths occurred in this follow-up period. Mortality rates were 1.6%, 2.9%, 1.6%, and 5.3% in the NGT, IGT, undiagnosed diabetic, and diagnosed diabetic groups, respectively. The average follow-up time was 5.2 years (range, 4.5 to 6.6 years).
Risk factors for atherosclerosis worsened across categories of poorer glucose tolerance at baseline (Table 1) . Persons with undiagnosed diabetes at baseline tended to have a similar risk profile to those with diagnosed diabetes, with the exception of body mass index and fasting insulin, which were greater in persons with undiagnosed diabetes. Persons with undiagnosed diabetes were also more likely to be hypertensive and current smokers, though not significantly so. The average duration of diabetes was 6.8 years (SD. 6.4 years) in those with diagnosed diabetes. Persons with IGT had risk profiles notably worse than those with NGT. At baseline, ICA IMT (but not CCA IMT) was greater in diagnosed than undiagnosed diabetics.
There was no difference in baseline use of lipid-lowering medications across the 4 groups ( Table 2 ). The use of antihypertensive medications did not differ across the 2 diabetes groups but was notably lower in those with NGT. Nearly three fourths of diagnosed diabetics reported taking oral hypoglycemics. None was taking insulin at baseline, because it was an exclusion criterion for enrollment in IRAS. At follow-up, those with undiagnosed diabetes (at baseline) were less likely to be taking hypoglycemic medications than were diagnosed diabetics. Their use of lipid-lowering and antihypertensive medications was lower, but not significantly so.
The average CCA IMT progression rate (SE), adjusted for demographic factors, . In this multivariable model, glucose tolerance status was highly predictive of CCA IMT progression (Pϭ0.008), as was age (PϽ0.0001), sex (PϽ0.0001), current smoking (Pϭ0.001), and hypertension (Pϭ0.01). Additional adjustment for use of medications at follow-up (model 3) had no impact on the estimates of CCA IMT progression (not shown).
The average ICA IMT progression rate, adjusted for demographic factors, was 17.7 (1.7) m/y in persons with NGT and 16.9 (2.5) m/y in persons with IGT ( Figure 2 , 
Discussion
We have observed an increased rate of progression of carotid atherosclerosis in persons with diabetes relative to those without diabetes. In both the CCA and ICA, mean progression of IMT was approximately 2 times greater in persons with diabetes than in those with NGT or IGT. No difference was observed in progression rates between those with NGT and IGT. However, a trend toward a greater rate of progression among persons with undiagnosed diabetes relative to diagnosed diabetes was observed in the ICA (Pϭ0.15).
Although it is well documented that increased IMT at baseline predicts an increased risk of future CVD events, 4, 5 few data are available indicating that an increased rate of progression of IMT predicts an increased risk of CVD events. In 1 report of a high-risk population of 146 men who had undergone coronary artery bypass surgery, an increased rate of progression predicted a higher rate of coronary events. 6 On the basis of regression analyses, the authors estimated that each 30-m/y increase in CCA IMT was associated with an increased risk for nonfatal myocardial infarction or coronary death of 2.2-fold and for nonfatal myocardial infarction, coronary death, or revascularization procedure of 3.1-fold. Baseline IMT also predicted future events in this small cohort. This limited study suggests that an increased rate of progression of IMT is associated with future clinical events.
Type 2 diabetes was associated with an increased rate of progression of carotid IMT in this cohort. In our review, we found only 1 other study that has examined this question in a longitudinal analysis. Chambless and colleagues, 8 in a report from the Atherosclerosis Risk In Communities (ARIC) cohort, reported that CCA IMT increased Ϸ10 m/y in persons with diabetes compared with Ϸ8 m/y in persons without diabetes. Numerous other cross-sectional studies have reported that carotid IMT is greater in persons with diabetes than in those without. In the ARIC cohort, IMT was Ϸ70 m thicker in participants with diabetes. 21 Similar findings have been reported in the elderly Cardiovascular Health Study cohort 22 and in a cross-sectional analysis of data from the IRAS cohort. 7 Atherosclerosis is presumed to be accelerated in diabetes for a number of reasons. First, diabetes is associated with an increased risk of traditional coronary heart disease (CHD) risk factors, including hypertension, dyslipidemia, obesity, and hyperinsulinemia. 7 Although these risk factors act as independent contributors to CHD in persons with diabetes, 2 they account for no more than 25% of the excess CHD risk in diabetes. 23 Our finding is consistent with this; adjustment for these factors (and others) in our models explained very little of the excess risk of IMT progression. Other metabolic disturbances unique to diabetes, such as increased levels of circulating glucose, advanced glycation end products, 24 and oxidation of lipoproteins, 25 might also increase the risk and rate of atherosclerosis.
In the present analysis, ICA IMT appeared to progress at a greater rate among persons with undiagnosed diabetes than in those with diagnosed diabetes. This provocative observation, albeit nonsignificant (Pϭ0.15), deserves further exploration. There are several possible explanations. One is that atherosclerosis progresses most rapidly in the earliest stages of diabetes. In this prodromal stage, glucose and insulin levels are elevated. Insulin is known to have several atherogenic properties. 26 Insulin in physiological concentrations stimulates the proliferation of smooth muscle cells and increases lipid activity and synthesis. High levels of glucose can damage or alter the endothelial barrier, thus allowing insulin to interact with the underlying smooth muscle cells. In a classic experiment, infusion of low-dose insulin directly into the femoral artery of the dog caused marked intimal and medial proliferation with accumulation of cholesterol and fatty acids. 27 In the present analysis, we adjusted separately for fasting insulin concentrations and pro-insulin concentrations and found that pro-insulin explained more of the difference in progression rates between the undiagnosed and diagnosed diabetics than did insulin. (We have previously reported a similar relation between pro-insulin and crosssectional IMT measures.) 28 In addition to hyperinsulinemia, persons with undiagnosed diabetes also had a greater body mass index relative to those with diagnosed diabetes (PϽ0.01) and other nonsignificant increases in CVD risk factors, including current smoking, prevalence of hypertension, and LDL concentrations. Statistical adjustment for these factors only accentuated the difference in progression rates between the 2 diabetes groups.
Another explanation for the observed decrease in the rate of ICA IMT progression in the diagnosed group (relative to the undiagnosed group) is survival bias. Such a bias could have resulted from increased mortality (or morbidity) in the group with diagnosed diabetes, whose ICA IMT progressed most rapidly during the 5-year follow-up period, thereby lowering the mean progression rate in this group of survivors who were able to participate in the follow-up IRAS examination. Although the group with diagnosed diabetes did experience the highest death rate, it is unknown whether these persons had rapidly progressing ICA IMT. Thus, such a hypothesis cannot be tested.
An alternative explanation to the lower rate of IMT progression in the group with diagnosed diabetes relative to the undiagnosed group is that treatment with hypoglycemic, antihypertensive, and lipid-lowering medications, hypothesized to be more frequent among the diagnosed group, slowed IMT progression. In fact, there was no difference in current use of antihypertensive and lipid-lowering medications between the undiagnosed and diagnosed groups at baseline. These are medications that have been shown to slow IMT progression. 29 -31 However, at follow-up (and presumably during the period between baseline and follow-up), use of these drugs was nonsignificantly higher in the diagnosed group. The diagnosed group was also more likely to be using hypoglycemic medications at follow-up (and at baseline, by definition). In fact, only slightly more than half (64%) of the persons with undiagnosed diabetes at baseline were aware of (and/or were being treated for) their diabetes at follow-up. Regardless, there is no evidence that hypoglycemic medications slow IMT progression. Statistical adjustment for the use of these medications had no impact on the difference in IMT progression rates between groups.
In many studies, duration of diabetes is positively associated with risk of CHD. 32, 33 However, in the Whitehall study, 34 persons with newly diagnosed diabetes were at increased risk of CHD events relative to persons with previously diagnosed diabetes. The relative risk of CHD death among the newly diagnosed was 3.9, and among the previously diagnosed, Ϸ2.0 relative to the normoglycemic group. Statistical adjustment for major risk factors reduced the effect considerably, yet the highest relative risk remained in the newly diagnosed group.
We did not observe a difference in the progression rates between those with NGT and IGT. We had hypothesized that persons with IGT would have an increased rate of progression owing to their atherogenic risk factor profile. This risk factor profile has been reported by others, 35 yet IGT state has not been consistently associated cross-sectionally with increased IMT. 7, 36, 37 The lack of such a finding might suggest that a lengthy exposure (latent) period might be required for IMT thickening related to the cluster of risk factors characteristic of IMT. Evidence from clinical trials, however, indicates that intervention effects on IMT thickening are evident in periods of time of 2 years or less. It might be that risk factors must reach a threshold to promote such thickening. Alternatively, the lack of a relation with IMT progression could result from misclassification of the IGT state, which is often transient.
The rate of progression of CCA IMT among IRAS participants with NGT can be compared with others reported in the literature. Byington 38 reviewed 8 lipid-lowering trials and reported annual rates of IMT progression in the placebo groups. In 7 trials reporting progression rates for CCA, the rates ranged from 8 to 46 m/y. These rates are higher than the rate we report for the CCA (4 m/y) and might reflect the atherogenic risk factor profile required of participants in those trials. A more appropriate comparison would be population-based cohort studies. In the ARIC study, progression rates of mean CCA IMT were 6.5 to 10.1 m/y across the 4 race-sex groups. 8 In the Kuopio Ischemic Heart Disease Risk Factor Study of 1026 men aged 42 to 60 years, the progression rate of mean CCA IMT was 28 m/y. 39 The broad range of rates for CCA IMT largely reflects differences in the populations studied and in the scanning and reading protocols.
The differing rates of progression in the CCA versus the ICA and the observed differences in relation to glucose tolerance status deserve comment. The literature contrasting IMT progression rates across multiple carotid sites is limited. Progression of atherosclerotic plaque was more rapid in the ICA than the CCA in the Bruneck population-based survey, 40 although the difference was not as pronounced as we have shown in IRAS for IMT. Furthermore, site-specific differences in risk factor relations have been noted previously. 41 Hedblad and colleagues 30 reported that a ␤-blocker (metoprolol) slowed IMT progression in the bifurcation segment but had little apparent affect on IMT progression in the common segment, whereas a statin (fluvastatin) slowed progression in the common segment. The ICA has been noted to be more susceptible to early atherosclerosis than the CCA, 42 which might explain the increased progression rates in the undiagnosed diabetics. This region of the carotid artery is subject to lower wall shear stress and focal atherosclerotic lesions linked to lipid accumulation and thrombotic events, whereas in the CCA, atherosclerosis is manifested by diffuse thickening. The present study might add to this literature and suggest that early events and metabolic characteristics of type 2 diabetes (as exhibited in those with undiagnosed diabetes) play an important role in the accelerated progression of ICA IMT. Finally, CCA and ICA IMTs are nearly equivalent in their prediction of subsequent risk of myocardial infarction and stroke. 5, 43 In conclusion, the progression of carotid atherosclerosis is accelerated in persons with type 2 diabetes in IRAS. This increased rate of atherosclerosis was partially explained by the atherogenic risk factor profile associated with diabetes. Persons with undiagnosed diabetes are at even greater risk of accelerated atherosclerosis in the ICA. With 16 million Americans with diabetes, one third of whom are undiagnosed, 44 the impact of this finding is significant. Early diagnosis, treatment, and control of blood glucose might reduce this risk, as well as the intensified screening, prevention, and management of CVD risk factors that accompany diabetes.
